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DESCRIPTION 

AM Intermediate Frequency Variable Gain Amplifier Circuit, 
Variable Gain Amplifier Circuit and its Semiconductor 
5 Integrated Circuit 

Field of the Invention 

The present invention relates to a variable gain 
amplifier circuit for amplifying an AM intermediate 
10 frequency signal, a variable gain amplifier circuit and a 
semiconductor integrated circuit mounting the variable gain 
amplifier circuit . 

Background of the Invention 

15 A variable gain amplifier for controlling gain 

according to the change in level of an input signal is known 
in the art. As an example of the variable gain amplifier, 
patent reference 1 discloses a circuit in which a variable 
resistor means comprises a diode that is connected between 

20 the emitter terminals of a transistor constituting a 
differential amplifier that controls current flowing 
through this variable resistor means in such a way as to 
be proportional to the index of a control input. 

Patent reference 2 discloses a circuit for controlling 

25 gain by changing the resistance value of a variable resistor 
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that has as an input the two output currents of a differential 
amplifier circuit. 

Fig. 4 shows an example of the variable gain amplifier 
circuit for controlling gain by changing current flowing 
5 through the MOS transistor of a differential amplifier 

i 

circuit . 

A variable gain amplifier circuit 10 comprises a 
current source 11, a p-channel MOS transistor 12 with a 
control voltage for controlling gain applied to the gate, 

10 a p-channel MOS transistor 13 with a control reference 
voltage applied to the gate, four p-channel MOS transistors 
14-17 for differentially amplifying an input signal and its 
inverted signal, and resistors Rl and R2 which are connected 
to the drains of the p-channel MOS transistors 14 and 17 

15 respectively and to ground. 

The variable gain amplifier circuit 40 shown in Fig. 
4 changes the gain of an amplifier circuit by controlling 
current flowing through the p-channel MOS transistor 12. 

Next, the operation of the variable gain amplifier 

20 circuit 10 shown in Fig. 4 is described referring to Fig. 
5(a)-5(c) . 

Fig. 5(b) shows the relationship between control 
current Iddl and Idd2 flowing through the p-channel MOS 
transistors 12 and 13 of Fig. 4 respectively and a control 
25 voltage, in which the vertical axis indicates the control 
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current level of Iddl and Idd2 , and the horizontal axis 
indicates the control voltage. 

If the drain current (control current) Iddl and Idd2 
of the p-channel MOS transistors 12 and 13, respectively, 
5 become equal at a specific control voltage Va, as the control 
voltage decreases from this value, the drain current Iddl 
and Idd2 of the p-channel MOS transistors 12 and 13 increases 
and decreases, respectively. 

If an input signal level is low, a control voltage for 

10 increasing Iddl is applied from a circuit, not shown in Fig. 
4, to the gate of the p-channel MOS transistor 12. If Iddl 
increases, the drain current Idl of the p-channel MOS 
transistor 14 increases, and Idd2 supplied with current by 
the same current source 11 decreases resulting in a reduced 

15 the drain current Id4 of the p-channel MOS transistor 17. 

Since currents flow proportional to drain current Idl, 
Id2 and the signal level through the resistors Rl and R2 
respectively, the difference in output voltage between the 
resistors Rl and R2 increases to increase the gain of the 

20 variable gain amplifier circuit 10. 

In Fig. 5(c), the vertical and horizontal axes 
indicate the gain of the variable gain amplifier circuit 
shown in Fig. 4 and a control voltage, respectively. The 
gain is controlled such that a decrease in the control 

25 voltage increases the gain if the input signal level lowers. 
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In Fig. 5(a), the vertical and horizontal axes 
indicate the level of an input signal and a control voltage, 
respectively. It is controlled so that the control voltage 
may increase if the input signal level increase and decrease 
5 if the input signal level decreases. 

When it is considered that the current source 11 of 
the variable gain amplifier circuit 10 shown in Fig. 4 
comprises a plurality of MOS transistors, at least three 
MOS transistors constituting the current source 11, the gain 
10 control MOS transistors 12 or 13, and signal amplification 
MOS transistors 14, 15, 16 or 17, all of which are connected 
in series. In this case, a power supply voltage VDD is 
required, which is a voltage more than three times the needed 
operation voltage for a MOS transistor. Therefore, the 
15 variable gain amplifier circuit 10 shown in Fig. 4 is not 
capable of being operated by a low power supply voltage. 

In order to solve such a problem, for example, a 
variable gain amplifier circuit 20 shown in Fig. 6 can be 
considered. 

20 This variable gain amplifier circuit 20 can control 

gain by changing the current of a current mirror circuit. 
In Fig. 6, the same reference numerals are attached to the 
same components as those as in Fig. 4, and their descriptions 
are omitted. 

25 The variable gain amplifier circuit 20 shown in Fig. 
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6 can be obtained by using a current mirror circuit 
comprising n-channel MOS transistors 21, 22, 23 and 24, 
p-channel MOS transistors 25 and 2 6 and n-channel MOS 
transistors 14'- 17', instead of the p-channel MOS 
5 transistors 12 and 13 for controlling gain and p-channel 
MOS transistors 14-17. 

The operation of n-channel MOS transistors 14' -17' is 
basically the same of the p-channel MOS transistors 14-17 
shown in Fig. 4. 

10 In the variable gain amplifier circuit 20, if a control 

voltage applied to the gate of a p-channel MOS transistor 
25, for example, the drain current of the p-channel MOS 
transistors 25 and 26 increases and decreases, respectively. 
Respective currents proportional to the drain currents of 

15 the p-channel MOS transistors 25 and 2 6 flow through the 
drains of the n-channel MOS transistors 21 and 22, and the 
drains of the n-channel MOS transistors 23 and 24, 
respectively . 

Therefore, by controlling the drain current of the 

20 p-channel MOS transistor 25, the voltage difference between 
the drain voltages of the n-channel MOS transistors 14' and 
16' , and 15' and 17' can be changed, thereby controlling the 
gain of the variable gain amplifier circuit 20. 

Patent reference 1: Japanese Patent Application 

25 Publication No. H05-29856 (Fig. 1) 
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Patent reference 2: Japanese Patent Application 
Publication No. H07-122950 (Fig. 1) 

Summary of the Invention 

5 However, since the variable gain amplifier circuit 20 

shown in Fig. 6 uses a larger number of MOS transistors than 
the variable gain amplifier circuit 10 shown in Fig. 4, noise 
generated inside the circuit increases. More particularly, 
in a variable gain amplifier circuit for amplifying an AM 

10 intermediate frequency signal, it is necessary to reduce 
noise in a low band. 

It is an object of the present invention to provide 
a variable gain amplifier circuit operable with a lower power 
supply voltage and with less noise generated inside the 

15 circuit. It is another object of the present invention to 
be able to operate the gain control field-effect transistor 
of a variable gain amplifier circuit in a non-saturated 
region . 

The AM intermediate frequency variable gain amplifier 
20 circuit of the present invention comprises first and second 
field-effect transistors for differentially amplifying an 
input signal and an inverted input signal obtained by 
inverting the input signal, a third field-effect transistor 
connected between the source of the first field-effect 
25 transistor and the source of the second field-effect 
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transistor and to the gate of which a control voltage for 
controlling the differential amplification gain of the 
first and second field-effect transistors, and a bias 
circuit for applying a DC bias voltage for operating the 
5 third field-effect transistor in a non-saturated region. 

According to the present invention, an AM intermediate 
frequency gain amplifier circuit and MOS integrated circuit, 
which are operable with a low power supply voltage and with 
less low-band noise generated in the circuit can be realized. 

10 In the above-described invention, the bias circuit 

comprises at least a fourth field-effect transistor, the 
source of which is connected to the power supply and the 
gate of which is connected to the drain. 

By adopting such a configuration, for example, even 

15 when the power supply voltage changes, the output voltage 
of the bias circuit can be maintained almost constant at 
the drain-to-source voltage of a field-effect transistor. 
Therefore, the fluctuation of a bias voltage can be 
suppressed. Since the third field-effect transistor can 

20 always be operated in a non-saturated region, the distortion 
of the output signal of the variable gain amplifier circuit 
can be reduced. Furthermore, since the third field-effect 
transistor of the bias circuit can comprise transistors with 
the same characteristic as the gain control third 

25 field-effect transistor, the influence on the change of the 
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bias point due to a temperature change, a characteristic 
of unevenness among field-effect transistors and the like, 
can be reduced. 

For example, the first and second field-effect 
5 transistors correspond to the p-channel MOS transistors 33 
and 34 shown in Fig. 3, the third field-effect transistor 
corresponds to the p-channel MOS transistor 35 and the fourth 
field-effect transistor corresponds to the p-channel MOS 
transistor 46. 

10 In the above-described invention, the bias circuit 

comprises at least the fourth field-effect transistor with 
the source connected to the power supply and the gate 
connected to the drain, and the fifth field-effect 
transistor, connected to the fourth field-effect transistor 

15 in series, with the gate connected to the drain. 

By adopting such a configuration, for example, when 
current is supplied from a constant current circuit 
comprising field-effect transistors to the first and second 
field-effect transistors, the bias circuit can comprise the 

20 field-effect transistor with the same characteristic as the 
field-effect transistor of the constant current circuit and 
the first and second field-effect transistors. Therefore, 
the influence on the change of the bias point due to a 
temperature change, a characteristic unevenness among 

25 field-effect transistors and the like, can be reduced. 
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For example, the fourth and fifth field-effect 
transistors correspond to the p-channel MOS transistors 4 6 
and 47 shown in Fig. 3. 

In the above-described invention, a resistor is 
5 connected in parallel with the third field-effect 
transistor . 

The variable gain amplifier circuit of the present 
invention comprises a first and . second field-effect 
transistors for differentially amplifying an input signal 

10 and an inverted input signal obtained by inverting the input 
signal, a third field-effect transistor which is connected 
between the respective sources of the first and second 
field-effect transistors and to the gate of which a control 
voltage for controlling the differential amplification gain 

15 of the first and second field-effect transistors is applied, 
and a bias circuit comprising the fourth field-effect 
transistor at least whose source and gate are connected to 
the power supply and the drain, respectively, and which 
supplies a DC bias voltage for operating the third 

20 field-effect transistor in a non-saturated region. 

According to the present invention, a variable gain 
amplification circuit operable with a low power supply 
voltage and with less noise generated inside the circuit 
can be realized. 

25 Even when the power supply voltage changes, the output 
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voltage of the bias circuit can be maintained almost constant 
at the drain-to-source voltage of a field-effect transistor. 
Therefore, the fluctuation of the bias voltage can be 
suppressed. Thus, the third field-effect transistor can be 
5 always operated in a non-saturated region, thereby reducing 
the distortion of the output signal of the variable gain 
amplifier circuit. 

Furthermore, by constituting the fourth field-effect 
transistor of the bias circuit as a transistor with almost 
10 the same characteristic as the gain control third 
field-effect transistor, the influence on the change of the 
bias point due to a temperature change, a characteristic 
unevenness among field-effect transistors and the like, can 
be reduced. 

15 According to the present invention, an AM intermediate 

frequency variable gain amplifier circuit operable with a 
low power supply voltage and with less noise generated inside 
the circuit can be realized. A variable gain amplifier 
circuit operable with a low power supply voltage, with less 

20 noise generated inside the circuit and with the less change 
of the bias point can be realized. By reducing the change 
of the bias point, the distortion of a signal in the variable 
gain amplifier circuit can be reduced. 

25 Brief Description of the Drawings 
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Fig. 1 is a circuit diagram of an AM intermediate 
frequency variable gain amplifier circuit in a first 
preferred embodiment; 

Fig. 2 shows the characteristic of the drain current 
5 of a p-channel MOS transistor; 

Fig. 3 is a circuit diagram of a variable gain 
amplifier circuit in a second preferred embodiment; 

Fig. 4 is a circuit diagram of a conventional variable 
gain amplifier circuit; 
10 Fig. 5 depicts an input level, control current and gain 

for a variable gain amplifier circuit; 

Fig. 6 is another circuit diagram of a conventional 
variable gain amplifier circuit. 

15 Detailed Description of the Preferred Embodiments 

The preferred embodiments of the present invention are 
described below with reference to the drawings. Fig. 1 is 
a circuit diagram of an AM intermediate frequency variable 
gain amplifier circuit 30 in a first preferred embodiment 

20 of the present invention. The variable gain amplifier 
circuit described below is formed on a semiconductor circuit 
board by A CMOS process for manufacturing p-channel and 
n-channel MOS transistors. 

In Fig. 1, one terminal of current sources 31 and 32is 

25 connected to a power supply VDD and the other terminal is 
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connected to the sources of p-channel MOS transistors 
(field-effect transistors) 33 and 34, respectively. Each 
of the current sources 31 and 32 comprises, for example, 
a current mirror circuit. 
5 The p-channel MOS transistors 33 and 34 constitute a 

differential amplifier circuit, and the AM intermediate 
frequency signals Vinp and Vinn, whose phases differ by 180 
degrees, are input to their respective gates. For the 
resistors R5 and R6, one terminal is connected to the 

10 respective drains of the p-channel MOS transistors 33 and 
34 and the other terminal is grounded. The difference between 
the drain voltages Voutl and Vout2 of the p-channel MOS 
transistors 33 and 34, respectively, becomes the output 
voltage of the AM intermediate frequency variable gain 

15 amplifier circuit 30. 

A resistor R7 and a p-channel MOS transistor 35 are 
connected in parallel between the respective sources of the 
p-channel MOS transistors 33 and 34. A control voltage VCTL 
for controlling gain is input into the gate of the p-channel 

20 MOS transistor 35. 

A circuit for outputting the control voltage VCTL, 
which is not shown in Fig. 1, detects the output voltage 
of the AM intermediate frequency variable gain amplifier 
circuit 30. If the output voltage increases, the circuit 

25 outputs the control voltage in such a way as to decrease 
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gain, while if the output voltage decreases the circuit 
outputs the control voltage in such a way as to increase 
the gain. 

Next, the operation of the AM intermediate frequency 
5 variable gain amplifier circuit 30 with the configuration 
above will be described. 

The AM intermediate frequency variable gain amplifier 
circuit 30 in this first preferred embodiment operates the 
p-channel MOS transistor 35 in a non-saturated region to 
10 control current flowing through the p-channel MOS 
transistor 35 by changing its gate voltage VG. 

Fig. 2 shows the relationship between the drain 
current ID and drain-to-source voltage VDS of a p-channel 
MOS transistor obtained when changing the drain-to-source 
15 voltage VDS. 

The vertical and horizontal axes in Fig. 2 indicate 
the drain current ID and the drain-to-source voltage VDS, 
respectively. The resistance between the drain and source 
of a MOS transistor in a non-saturated region can indicate 
20 VDS/ID. Therefore, by changing the gate voltage VSG, the 
resistance value between the drain and source of the 
p-channel MOS transistor 35 can be changed to control the 
drain current ID. 

If the amplitude of an input signal Vinp increases to 
25 increase the output voltage (Voutl-Vout2 ) of the AM 
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intermediate frequency variable gain amplifier circuit 30 
when the gain of the AM intermediate frequency variable gain 
amplifier circuit 30 is controlled at a specific value, a 
control voltage VCTL for increasing the gate-to-source 
5 voltage VGS in the forward bias direction is applied to the 
gate of the p-channel MOS transistor 35. 

When the gate voltage VG of the p-channel MOS 
transistor 35 increases in the forward bias direction, the 
resistance value between the drain and source decreases, 

10 In this case, if a source voltage VS1 that includes a signal 
voltage obtained amplifying the input signal Vinp by the 
p-channel MOS transistor 33 that is larger than a source 
voltage VS2 that includes the signal voltage of the p-channel 
MOS transistor 34, current flowing into the p-channel MOS 

15 transistor 34 from the current source 31 via the p-channel 
MOS transistor 35 increases. 

Since constant current Is is supplied to the p-channel 
MOS transistors 33, 34 and 35 from the current sources 31 
and 32, if current flowing into the p-channel MOS transistor 

20 35 increases then the drain current Idl of the p-channel 
MOS transistor 33 decreases by the same amount. Then, the 
drain current Id2 of the p-channel MOS transistor 34 
increases by the increased amount of current of the p-channel 
MOS transistor 35. 

25 As a result, the drain voltage Voutl of one p-channel 
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MOS transistor 33 of the differential amplifier circuit 
decreases and the drain voltage Vout2 of the other p-channel 
MOS transistor 34 increases. Thus, the difference between 
the drain voltage Voutl of the p-channel MOS transistor 33 
5 and the drain voltage Vout2 of the p-channel MOS transistor 

34 decreases to reduce the gain of the AM intermediate 
frequency variable gain amplifier circuit 30. 

If the amplitude of the input signal Vinp decreases 
to reduce the output voltage of the AM intermediate frequency 
10 variable gain amplifier circuit 30, a control voltage VCTL 
for reducing the gate voltage of a p-channel MOS transistor 
is applied. If the gate voltage VG decreases, the resistance 
value between the drain and source increases to reduce 
current flowing into the p-channel MOS transistor 34 from 
15 the current source 31 via the p-channel MOS transistor 35. 

If current flowing into the p-channel MOS transistor 

35 decreases, the drain current Idl of the p-channel MOS 
transistor 33 decreases by the reduced amount to also reduce 
the drain current Id2 of the p-channel MOS transistor 34. 

20 As a result, the drain voltage Voutl of one p-channel 

MOS transistor 33 of the differential amplifier circuit 
increases and the drain voltage Vout2 of the other p-channel 
MOS transistor 34 decreases. Thus, the difference between 
the drain voltage Voutl and the drain voltage Vout2 increases 

25 to increase the gain of the AM intermediate frequency 
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variable gain amplifier circuit 30. 

According to the above-described first preferred 
embodiment, the gain of the AM intermediate frequency 
variable gain amplifier circuit 30 can be changed by 
5 operating the p-channel MOS transistor 35 in a non-saturated 
area and controlling its gate voltage VG. 

According to the AM intermediate frequency variable 
gain amplifier circuit 30 in this first embodiment, the 
number of stages of MOS transistors connected between the 
10 power supply and the earth can be reduced. Therefore, a low 
power supply voltage can be used and also the number of 
transistors can be reduced, thereby reducing low-band noise 
generated inside the circuit. 

Fig. 3 is a circuit diagram of the variable gain 
15 amplifier circuit 40 in the second preferred embodiment of 
the present invention. In the following description, the 
same reference numerals are attached to the same components 
as the circuit shown in Fig. 1 and their descriptions are 
omitted. 

20 In the AM intermediate frequency variable gain 

amplifier circuit 30 shown in Fig. 1, if, for example, the 
power supply voltage increases when a voltage obtained by 
dividing the power supply voltage VDD by a resistor is 
supplied, there is a possibility that the bias voltage may 

25 increase to enter the maximum value of the drain-to-source 
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voltage VDS of the p-channel MOS transistor 35 into a 
non-saturated region. If the maximum value of the 
drain-to-source voltage VDS of the p-channel MOS transistor 
35 enters a non-saturated region, the distortion of a signal 
5 increases. It is the object of the second preferred 
embodiment to reduce the distortion of a signal, generated 
by the fluctuation of the power supply voltage of the bias 
circuit . 

Shown in Fig. 3 are p-channel MOS transistors 41, 42 
10 and 43 and a current source 44 form a current mirror circuit, 
which corresponds to the current sources 31 and 32 shown 
in Fig. 1. 

The current source 44 is connected to the drain of the 
p-channel MOS transistor 41, and the other terminal of the 

15 current source 44 is grounded. The respective drain currents 
of the p-channel MOS transistors 42 and' 43 are proportional 
to the drain current of the p-channel MOS transistor 41. 
The drain current of the p-channel MOS transistor 41 is equal 
to the output current of the current source 44. 

20 The bias circuit 45 of the p-channel MOS transistor 

35 comprises two p-channel MOS transistors 4 6 and 47 whose 
drain and gate are connected to each other and a resistor 
R8 is connected in parallel to the p-channel MOS transistors 
46 and 47. 

25 The source of the p-channel MOS transistor 4 6 and one 
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terminal of the resistor R8 are connected to the power 
voltage VDD, and the drain of the p-channel MOS transistor 
4 6 is connected to the source of the p-channel MOS transistor 
47. The drain of the p-channel MOS transistor 47 and the 
5 other terminal of the resistor R8 are connected to the gate 
Gl of the p-channel MOS transistor 35. 

The bias circuit of the p-channel MOS transistors 33 
and 34 of the differential amplifier circuit comprises two 
p-channel MOS transistors 49 and 50 whose drain and gate 

10 are connected in series with each other, a current source 
51 and resistors R9 and RIO. 

The source and drain of the p-channel MOS transistor 
49 is connected to the power voltage VDD and the source of 
the p-channel MOS transistor 50, respectively. The drain 

15 of the p-channel MOS transistor 50 is connected to the 
resistors R9 and RIO and the current source 51. The other 
terminals of the resistors R9 and RIO are connected to the 
gates of the p-channel MOS transistors 33 and 34, 
respectively. The other terminal of the current source 51 

20 is grounded. The input signal Vinp and its inverted signal 
Vinn are input into the gates of the p-channel MOS 
transistors 33 and 34 via capacitors CI and C2, respectively. 

Next, the operation of the variable gain amplifier 
circuit 40 with such a configuration is described. Since 

25 the operation of controlling gain by changing the resistance 
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value of the p-channel MOS transistor 35 against the change 
in amplitude of the input signal Vinp and Vinn is the same 
as the circuit shown in Fig. 1, therefore the operations 
of the bias circuits 45 and 48 are mainly described. 
5 Since the gate and drain of the p-channel MOS 

transistors 46 and 47 of the bias circuit 45 are 
short-circuited to each other, a voltage approximately 
twice the drain-to-source voltage of a p-channel MOS 
transistor is applied to the gate of the p-channel MOS 

10 transistor 35, based on the power supply voltage VDD. 

Thus, even when the power supply voltage VDD changes, 
the gate voltage VG of a p-channel MOS transistor becomes 
an almost constant voltage determined by the 
drain-to-source voltage of the p-channel MOS transistors 

15 46 and 47. 

Since the gate voltage VG of the p-channel MOS 
transistor 35 can be prevented from changing due to the 
fluctuation of the power supply voltage VDD, the maximum 
value of the difference between voltages obtained by 

20 amplifying the input signals Vinp and Vinn (the voltage VDS 
between SI and S2 of the p-channel MOS transistor 35) can 
be prevented from entering a non-saturated region. Thus, 
the distortion of the output signal of the differential 
amplifier circuit can be reduced. 

25 Furthermore, since the p-channel MOS transistors 4 6 



20 



and 47 for supplying a bias voltage comprise transistors 
with the same characteristic as the gain control p-channel 
MOS transistor 35 and the p-channel MOS transistors 42 and 
43 of the current mirror circuit, the characteristic of 
5 unevenness among the transistors and their temperature 
characteristics can be made uniform. Thus, the influence 
on the change of the bias point due to the characteristic 
unevenness and the temperature change can be reduced. 

The bias circuits 48 of the p-channel MOS transistors 

10 33 and 34 also comprise transistors with the same 
characteristic as the p-channel MOS transistors 33 and 34 
for supplying the bias voltage, like the above-described 
bias circuit 45. 

Thus, since an almost constant voltage determined by 

15 the drain-to-source voltage of a p-channel MOS transistor 
- is applied to the p-channel MOS transistors 33 and 34, the 
fluctuation of the bias voltage can be reduced. 

Furthermore, because the p-channel MOS transistors 49 
and 50 for supplying the bias voltage comprise transistors 

20 with the same characteristic as the p-channel MOS 
transistors 33 and 34 of the differential amplifier circuit 
and the p-channel MOS transistors 42 and 43 of the current 
mirror circuit, the characteristic unevenness among 
transistors and their temperature characteristics can be 

25 made uniform. Thus, the influence on the change of the bias 
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point due to the characteristic unevenness and temperature 
change can be suppressed. 

The present invention is not limited to the 
above-described preferred embodiments and it can also be 
5 configured as follows. 

Although in the above description, the entire variable 
gain amplifier circuit comprises p-channel MOS transistors, 
only n-channel MOS transistors or both p-channel and 
n-channel MOS transistors can also be used. 

10 The configuration of the bias circuit 45 is not limited 

to two p-channel MOS transistors 4 6 and 47 and the resistor 
R8, it can also comprise one MOS transistor. Alternatively, 
two or more MOS transistors can be used according to the 
configuration of a circuit for supplying the bias voltage. 

15 Alternatively, a PN junction can also be used instead of 
a MOS transistor. 

The present invention is not limited to the AM 
intermediate frequency variable gain amplifier circuit of 
a radio set and is can also be applied to the variable gain 

20 amplifier circuit of various circuits. 



